Introduction
============

Anterior cingulate cortex (ACC) activity is reportedly related to task difficulty, in healthy subjects (Botvinick et al., [@B6]) as well as in clinical populations, such as patients with post-traumatic stress disorder (Shaw et al., [@B45]) or patients with traumatic brain injury (TBI) (Rasmussen et al., [@B40]; Kohl et al., [@B25]). The exact role of the ACC in executive functions is still debated, with most prominent theories suggesting a role in cognitive control, including error detection, conflict monitoring, and/or task switching (Botvinick et al., [@B6]; Kerns et al., [@B23]; Ullsperger and Von Cramon, [@B48]; Carter and van Veen, [@B8]; Hyafil et al., [@B22]).

Executive function is affected by TBI, independently of the presence/absence of cortical lesions (Metting et al., [@B31]; Sanchez-Carrion et al., [@B44]). It has been suggested that it is diffuse axonal injury -- commonly observed after TBI -- that disrupts integrative networks and that is the main cause of executive functions impairment following TBI (Ghajar and Ivry, [@B18]; Niogi et al., [@B32]). This makes TBI a very interesting neuropsychological model for studying the role of ACC in executive functions.

In this study, we investigated ACC activation in relation to task difficulty, using a working memory task in adolescent patients with moderate to severe TBI. Our hypotheses were consistent with the literature: we expected that patients in the cross-sectional study would present lower performance than controls, notably with longer reaction times, and an alteration of their pattern of cerebral activation as compared to controls. We also expected patients in the longitudinal study to exhibit improvement of performance at Time 2 as compared to Time 1, as well as a change in brain imaging.

Materials and Methods {#s1}
=====================

This fMRI study of working memory in adolescents with TBI was conducted in two stages. First, a cross-sectional design compared youth with TBI to matched Controls. Secondly, a longitudinal study was conducted on a subset of the adolescent TBI patients who were reevaluated 12 months after their initial exam.

The spatial working memory task was parametrically designed in order to allow study of the effect of working memory load (WML) on brain activation.

Patients
--------

Participants included in this study presented with the following characteristics: 13--18 years of age; normal vision (contact lenses were accepted); right handedness; English skills sufficient enough to understand instructions; no previous history of major neurological, developmental, or psychiatric disorders (as stated by the parents of the patients during the inform consent process); and safety compliance to MRI. Recruitment and consent processes were approved by the UCLA Institutional Review Board (IRB).

Traumatic brain injury patients were recruited from two Pediatric ICUs within Los Angeles County (UCLA Medical Center and Harbor-UCLA Medical Center) as well as a local rehabilitation facility. Patients presented with moderate to severe non-penetrating TBI. Glasgow Coma Scale score (at intake at Emergency Department or post-resuscitation) was between 3 and 12, although three patients with GCS \> 12 were included, since they presented with abnormalities on clinical imaging and therefore were classified as having moderate TBI. Severe TBI was defined by a GCS of 8 or less. All TBI patients exhibited diffuse axonal injury, as identified on FLAIR and T2 star MRI sequences. Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} describe the study groups.

###### 

**Description of TBI and Control groups for the cross-sectional study**.

                                                 TBI                   Controls
  ---------------------------------------------- --------------------- ---------------------
  Number of subjects (males/females)             11 (9/2)              12 (4/8)
  Mean age (years) ± SD (range)                  16.0 ± 1.5 (14--18)   15.4 ± 1.5 (13--18)
  Mean delay post-injury (months) ± SD (range)   7.0 ± 2 (3--17)       
  Mean Glasgow coma scale score ± SD (range)     9.0 (3--15)           

###### 

**Description of TBI group for the longitudinal study**.

                                                           Longitudinal TBI
  -------------------------------------------------------- -------------------------
  Number of subjects (males/females)                       6 (5/1)
  Mean age (years) ± SD (range) at Time 1                  16.7 ± 0.7 (15.8--17.4)
  Mean age (years) ± SD (range) at Time 2                  17.7 ± 0.8 (16.7--18.5)
  Mean delay post-injury (months) ± SD (range) at Time 1   4.5 ± 1.0 (3--6)
  Mean delay post-injury (months) ± SD (range) at Time 2   16.5 ± 3.1 (14--22)
  Mean Glasgow coma scale score ± SD (range)               9.4 ± 5.1 (3--14)

Paradigm description
--------------------

During the functional MRI exam, subjects performed a parametric cognitive task in an event-related design. They received instructions for the task prior to the exam. Participants responded by pressing a four-button keyboard that was placed under the subject\'s right hand. Responses and response times (RTs) were recorded.

The task was an original non-verbal spatial working memory task that required participants to reproduce visual sequences (Figure [1](#F1){ref-type="fig"}). A set of four positions was presented on the screen, as shown in Figure [1](#F1){ref-type="fig"}. Photographs of fruits and vegetables appeared sequentially, forming a spatio-temporal sequence that subjects were instructed to reproduce using the keyboard. Each picture was sufficiently detailed to be identifiable but sufficiently complex to prevent verbal description (Pepin Press, [@B37],[@B38]). The use of non-verbal material was *sine qua non* to avoid bilingualism being a confound, since exclusion of bilingual children was not a reasonable option (more than half of the children of Los Angeles, California, are bilingual, according to <http://www.mla.org>). The task was programmed using Matlab (The MathWorks Inc.).

![**Working memory task and examples of pictures used in the task**.](fneur-01-00158-g001){#F1}

The task included four conditions that were defined by the number of items to be manipulated in working memory, i.e., WML: Baseline (1 item); Low WML (3 items); Intermediate WML (4 items); High WML (5 items). There were 30 trials per condition. Conditions were alternated pseudo-randomly.

MRI exam
--------

The MRI exam was conducted on a 3-T scanner (Siemens, Allegra) and included the following sequences:

-   Structural T2 (TE = 56; TR = 4040 ms; FOV = 200 mm; voxel size = 0.8 mm × 0.8 mm × 5.0 mm; 25 slices of 5 mm; distance of 1.3 mm; axial orientation; order of acquisition = interleaved)

-   EPI BOLD (TE = 30 ms; TR = 2000 ms; FOV = 200 mm; voxel size = 3.125 mm × 3.125 mm × 3 mm; 33 slices; axial orientation; order of acquisition = interleaved; 500 volumes acquired)

-   T2^\*^ 3D flash (48 slices, voxel size = 1 mm × 0.5 mm × 2 mm; FOV = 256 mm; TR = 57 ms; TE = 20 ms; flip angle = 20°)

-   A 3D volume structural sequence was acquired on a 1.5-T scanner (Siemens, Sonata) on the same day as functional scanning: MP-RAGE sequence (180 sagittal slices; FOV = 256 mm, voxel size = 1 mm × 1 mm × 1 mm; TR = 1900 ms; TE = 4.4 ms; TI = 1100 ms; flip angle = 15°)

Behavioral data processing
--------------------------

Two behavioral measures were used for statistical analyses: response accuracy and RT. Performance on both of these measures was recorded for each of the four conditions, representing WML \[1-3-4-5\]. Two groups were compared in the cross-sectional study: TBI and Control groups. For the Control group, behavioral data was available for 11 subjects. A subset of the TBI subjects, for whom data was available at two time-points, was included in the longitudinal study.

### Cross-sectional study

Non-parametric Spearman correlations (two-tailed) were used to determine associations between the behavioral measures of response accuracy and RT with WML. A linear mixed model with *post hoc* (LSD) analyses were used to characterize case/control differences, with the between subject factor of Group (TBI or Control) and the within-subject factor of WML \[1-3-4-5\].

### Longitudinal study

Because of the small sample size of the subgroup of the subjects for whom longitudinal data was acquired, simple paired *t*-tests were used for within-group comparison between Time 1 and Time 2.

MRI data processing
-------------------

Functional MRI data were preprocessed and processed using the FSL package (Smith et al., [@B46]; Woolrich et al., [@B51]).

### Preprocessing

Preprocessing included motion correction, brain extraction, spatial smoothing (FWHM = 5 mm), and high pass temporal filtering (66 s).

### Processing: first-level analysis

Data were processed at the individual level according to their event-related design, for a total of five events-lists. Correct trials constituted the first four events, corresponding to the number of items loaded in working memory (WML): WML = 1 ("Baseline"); WML = 3 ("Low WML"); WML = 4 ("Intermediate WML"); WML = 5 ("High WML"). Failed and missed trials were assembled together in a fifth event that was excluded from analysis. Whitening was appended to data estimation, after convolution with double Gamma hemodynamic response function. Temporal derivative was applied, as well as temporal filtering. Four contrasts were used for this study:

-   "Low WML" (Low WML versus Baseline)

-   "Intermediate WML" (Intermediate WML versus Baseline)

-   "High WML" (High WML versus Baseline)

-   "WML increase" (High WML versus Low WML)

Individual activation maps were registered on the standard MNI space through the following steps: structural T2 was the initial image (linear -- normal search -- 7 DOF), 3D structural volume was the main structural image (linear -- normal search -- 12 DOF) and the MNI template ("avg152T1_brain" in FSL) was the standard space (linear -- normal search -- 12 DOF).

### Processing: higher-level analysis

Higher-level analyses were processed at the group level (TBI and Control), using a fixed effects model. The measures for the cross-sectional study were: "mean Control group" and "mean TBI group" for the above-mentioned four contrasts. The contrasts for the longitudinal study were "mean TBI group Time 1" and "mean TBI group Time 2." In addition to a voxel threshold of *p* = 0.05, all maps were thresholded at the cluster level (*Z* = 1.8) in order to correct for multiple comparison. The template space was used as background for rendering.

### Qualitative analysis

A complete list of all activated areas was compiled, using anatomical atlases (Mai et al., [@B28]; Ratiu and Talos, [@B41]) for correct determination of areas.

### Quantitative analysis: regions of interest

Our choice for the regions of interest (ROI), determined by our working hypothesis, included the ACC. In an ideally large study, we would have compared the ACC activity with all the areas reportedly involved in spatial working memory processing (Wager and Smith, [@B50]; D\'Esposito, [@B12]). However, because of the sample size of our study, we focused on the comparison of ACC with the left sensorimotor cortex (lSMC) because involvement of this later area has been well demonstrated in spatial working memory studies (Shaw et al., [@B45]) as well as in studies of mental imagery (Fiehler et al., [@B14]; Hanakawa et al., [@B20]; Sack et al., [@B43]).

We defined two spherical ROI according to their MNI coordinates and radius length (mm):

-   Left sensorimotor cortex: *x* = −40; *y* = −32; *z* = 56; *r* = 20

-   Anterior cingulate cortex : *x* = 0; *y* = 34; *z* = 28; *r* = 14

Regions of interests were used as masks in order to retrieve individual time-series values within these areas, using the "avwmeants" function included in the FSL package, hence obtaining the intensity of the betas based on the GLM model.

Statistical analyses were conducted for each ROI:

-   Within-subjects differences between contrasts were explored using repeated measures ANOVAs. One-tailed *t*-tests were used for *post hoc* analyses.

-   Within-subjects correlations between each ROI\'s levels of activation and WML (3, 4, or 5 items) were calculated using non-parametric Spearman correlations.

-   Between subjects differences for each ROI were assessed using one-tailed *t*-tests.

-   For the longitudinal study, within-subjects changes over time for each ROI were assessed using paired *t*-tests.

Results
=======

The first part of this section describes the cross-sectional study (TBI group versus Control group); the second part describes the longitudinal study (TBI group at Time 1 versus Time 2).

Cross-sectional study
---------------------

### Behavioral results: within-group analysis

Spearman correlation coefficients indicated a decline in both accuracy and RT with increasing WML in the control group. A decline in accuracy with increasing WML was observed for the TBI group, but no such effects were noted for RT (Table [3](#T3){ref-type="table"}).

###### 

**Within-groups performance effects**.

                          TBI group        Control group
  ----------------------- ---------------- ----------------
  Correlation between     *r* = −0.645;    *r* = −0.843;
  WML and accuracy        *p* \< 0.001\*   *p* \< 0.001\*
  Correlation between     *r* = -0.179;    *r* = -0.403;
  WML and response time   *p* = 0.244      *p* = 0.007\*

\**Statistically significant result*.

### Behavioral results: between-groups analysis

Linear mixed model analyses for response accuracy indicated significant main effects of Group (*F* = 9.635, *p* = 0.003) and WML (*F* = 17.356, *p* \< 0.001). There were no Group by WML interactions (*F* = 1.213, *p* = 0.321). *Post hoc* analyses with LSD corrections using one-tailed statistics suggested statistically significant effects (all *p* \< 0.10) between all pairwise comparisons of WML. This suggests that our spatial working memory task is not only sensitive in detecting case/control differences but also shows the expected dose--response relationship between response accuracy and WML, with less accurate responding observed with increasing WML.

Similarly, linear mixed model analyses for RT indicated significant main effects of Group (*F* = 28.188, *p* \< 0.001) and WML (*F* = 2.767, *p* = 0.052). There were no Group by WML interactions (*F* = 0.173, *p* = 0.914). *Post hoc* analyses with LSD corrections using one-tailed statistics suggested statistically significant effects (all *p* \< 0.10) between the following pairwise comparisons of WML: 1 versus 4 and 5; 3 versus 4 and 5, indicating significant differences in RT from the baseline and easy conditions (load of 1 and 3) compared to the harder and more demanding conditions (load of 4 and 5). The Control group performed faster than the TBI group, regardless of WML. Also, across groups, participants were faster on the higher, and thus more difficult, WML trials (4 and 5) compared to the easier trials (1 and 3), with the longest time taken on the Baseline condition (WML of 1) in both groups. Results are summarized in Figure [2](#F2){ref-type="fig"}.

![**Behavioral results for the cross-sectional study**.](fneur-01-00158-g002){#F2}

*Post hoc* analysis (see Table [4](#T4){ref-type="table"}) show groups differences for accuracy and RTs in all conditions, with the exception of accuracy during the Baseline condition (WML = 1). Both groups were indeed close to 100% accuracy on the Baseline condition (96 and 99%, respectively for TBI and Controls).

###### 

***p* values for TBI and Control groups comparisons on the behavioral measures**.

             Baseline   Low WML   Intermediate WML   High WML
  ---------- ---------- --------- ------------------ ----------
  Accuracy   0.139      0.040\*   0.051              0.048\*
  RT         0.028\*    0.002\*   0.004\*            0.003\*

\**Statistically significant result*.

### Imaging results and qualitative analysis: network recruited by the spatial working memory task

Differences between groups were visible on statistical maps for each condition. In all cases, however, a common network of activated areas was observed in both groups, as follows: cingulate cortex (anterior and posterior); frontal cortex, including: frontal gyri (superior, middle, and inferior) and precentral gyrus; parietal cortex, including: supramarginal gyrus, angular gyrus, parietal lobule, and post-central gyrus; temporal cortex (medial and inferior temporal gyri); occipital cortex; subcortical structures, including: head of caudate nucleus, parahippocampal gyrus, putamen, thalamus and insula.

### Imaging results and quantitative analysis of regions of interest: within-subjects effect of working memory load

Two ROI, ACC and lSMC, were defined as described in the section ["Materials and Methods"](#s1){ref-type="sec"} and compared with regards for WML. Comparison of "Low WML" to "High WML" contrasts for the TBI group showed significant difference for the ACC (*p* = 0.049) but not for the lSMC (*p* = 0.127). The opposite was observed in the Control group, where the comparison of "Low WML" to "High WML" showed no difference for the ACC (*p* = 0.387) but a significant difference was observed for the lSMC (*p* = 0.005). Figure [3](#F3){ref-type="fig"} illustrates these results.

![**Comparison of activation in regions of interest for "Low WML" (green) and "High WML" (brown) contrasts in traumatic brain injury group and Control group respectively**.](fneur-01-00158-g003){#F3}

In the TBI group, activity in the ACC was associated (as a trend) with WML (*r* = 0.327; *p* = 0.06) but activity in lSMC was not (*r* = −0.210; *p* = 0.24). In the Control group, the opposite was observed: activity in the ACC was not correlated with WML (*r* = 0.052; *p* = 0.76) but correlation of the activity in the lSMC was significant, albeit in a negative direction (*r* = −0.462; *p* = 0.005).

### Imaging results and quantitative analysis of regions of interest: between-subjects effect of working memory load

The use of a parametric task allowed us to examine the effect of WML by analyzing the contrast "WML increase" (WML = 5 items versus WML = 3 items). For the ACC region, a significant group difference was observed (*p* = 0.038), with the TBI group exhibiting more activation than the Control group. There was no observed group difference for this contrast, however, for the lSMC region (*p* = 0.356).

Longitudinal study
------------------

### Behavioral results

As summarized in Table [5](#T5){ref-type="table"} and Figure [4](#F4){ref-type="fig"}, the TBI patients' performances were compared between Time 1 and Time 2 (approximately 12 months apart).

###### 

***p* values for Time 1 versus Time 2 behavioral data for the TBI patients**.

                     Accuracy   RT
  ------------------ ---------- ---------
  Baseline           0.394      0.103
  Low WML            0.117      0.047\*
  Intermediate WML   0.263      0.049\*
  High WML           0.289      0.032\*

\**Statistically significant result*.

![**Significant decrease of response times at Time 2 versus Time 1 in TBI patients**.](fneur-01-00158-g004){#F4}

### Imaging results

Activation was observed in the ACC and the head of caudate nucleus for the "Time 1 versus Time 2" contrast, while activation of lSMC was observed for the contrast "Time 2 versus Time 1," as shown in Figure [5](#F5){ref-type="fig"}.

![**Longitudinal contrasts for TBI patients**.](fneur-01-00158-g005){#F5}

Between Time 1 and Time 2, the change of activation in ACC was not significant (*p* = 0.321) but the activation of lSMC was significantly increased at Time 2 as compared to Time 1 (*p* = 0.032).

Discussion
==========

Cross-sectional study: performance
----------------------------------

Adolescent TBI patients showed worse behavioral performance (higher RTs and poorer accuracy) than Controls on the spatial working memory task. This finding is consistent with an extended literature of cognition after brain injury, which reports that pediatric patients with moderate to severe TBI experience psychomotor slowing and impaired working memory (see Babikian and Asarnow, [@B3] for a review). It is important to note that the composition of the groups may have influence this result because gender was not equally distributed across the TBI and Control groups. Education level was not tested and difference of education level between groups cannot be excluded.

Cross-sectional study: brain imaging
------------------------------------

In both groups, the spatial working memory task activated a broadly distributed network involving the prefrontal cortex, the cingulate cortex, the pre and post-central gyri, wide areas of the parietal and occipital cortices, medial and inferior temporal gyri, as well as subcortical structures, notably the head of the caudate nucleus. These findings are consistent with literature of spatial working memory (Wager and Smith, [@B50]; D\'Esposito, [@B12]). Quantitative differences between groups were observed, and this also is consistent with the literature on brain imaging of TBI (Hillary et al., [@B21]; Cazalis et al., [@B9]; Niogi et al., [@B32]).

The region of interest analysis was focused on the ACC, in order to understand its role in executive functions after moderate to severe TBI, and on the lSMC as well, because of its established role in spatial working memory.

Quantitative within-subject analyses of ROI activity in response to WML showed that, in the TBI group, ACC was significantly more activated when WML increased, while there was no change of lSMC activation. In the Control group, the opposite was observed: there was no change in ACC activation between conditions while lSMC activation decreased when WML increased. Our interpretation of those results is that Control subjects and TBI patients do not rely on recruiting the same cortical areas in response to increasing WML: Control subjects showed decreased activation of lSMC while TBI patients showed increased activation of ACC. Corroborating this result, correlation analysis showed that ACC activation was associated (as a trend) with WML in TBI patients but not in Controls, and that lSMC activation was correlated (inversely) in Controls but not in TBI patients. This double dissociation suggests that ACC activation depends on WML in TBI patients but not in Controls, while lSMC activation depends on WML in Controls but not in TBI patients.

Between-subject analysis, that compared TBI and Control groups for "WML increase," showed that ACC activation was significantly increased in the TBI group as compared to the Control group. In contrast, there was no difference between groups regarding lSMC activation. These results brought supplementary precisions to the findings above: ACC activation in TBI significantly increased in response to task difficulty as compared to Controls. Control subjects apparently responded to difficulty by decreasing activation of lSMC, while such decrease could not be observed in TBI patients who showed very low lSMC activation from the beginning.

Our interpretation of these results is that, although TBI patients and Control subjects seemed to use similar cognitive processes and neural networks in order to solve a spatial working memory task, there were notable differences between groups in the way these networks were recruited in response to difficulty, i.e., increasing WML in our case. Such differences, which were strongly suggested by the differences of performance during task solving, were revealed by comparing activation of two of the areas composing this network: ACC and lSMC.

While measure of clear differences between TBI and Control groups is an encouraging finding, we are aware that this may be only one part of a larger picture and that further research should be done with larger samples in order to determine the behavior of other areas involved in processing of items in spatial working memory, such as intraparietal cortex and dorsolateral prefrontal cortex.

Longitudinal study: performance
-------------------------------

Six TBI patients were able to return for a second experimental session an average of 12 months after Time 1. While they did not show improvement in accuracy, their RTs were significantly decreased at Time 2. Recovery of cognitive functions after TBI has been extensively studied and our results are highly consistent with the existing literature. A recent meta-analysis of cognitive outcome after TBI (Babikian and Asarnow, [@B3]) showed that there is substantial recovery of processing speed in TBI patients over time, while recovery of working memory was noted in patients presenting with the most severe TBI.

Longitudinal study: brain imaging
---------------------------------

Within-subject analysis was a comparison of "WML increase" (WML of 5 items versus WML of 3 items) between Time 1 and Time 2. ACC and the head of caudate nucleus were more activated post-acutely as compared to the chronic phase, while lSMC was more activated in the chronic phase as compared to the post-acute phase; that is after a period of time allowing for recovery. These results, despite the small sample size, confirm our cross-sectional findings suggesting that prior to recovery, TBI patients significantly recruit ACC region for working memory, but they switch to lSMC recruitment following a period of recovery. Quantitative analyses of ROI activation in response to difficulty confirmed the increase of lSMC recruitment after recovery. This should be interpreted with regard to the cross-sectional study, which demonstrated a decreased recruitment of lSMC in response to difficulty (WML increase) in Controls while lSMC activation was consistently low in the TBI group. The fact that we observed more lSMC activation in TBI patients at Time 2 as compared to Time 1 suggests that they recovered the ability to use this area, although it is unclear if it follows the activation pattern observed in Controls. Moreover, it is important to note that because there was no longitudinal control group, we cannot exclude that such changes would not be due to recovery but simply to the fact that patients were one year older at Time 2, or may even have emerged by chance. This limitation, as well as the low number of subjects, makes the results of this longitudinal study difficult to interpret, but nevertheless encouraging, because they do show a change of activation pattern overtime, which parallels improvement in behavioral performance. It is reasonable to postulate that the changes of brain activation and behavioral performance observed in the TBI group between Time 1 and Time 2 result in the TBI group resembling the Control group over time, suggesting normalization and recovery.

Functions of anterior cingulate cortex
--------------------------------------

Over the last decade, several theories of ACC functions have been proposed, with some overlapping and some contradicting elements. Activation in ACC is observed in solving of difficult problem, multiple response management, conflict management, attention monitoring, and error detection (Botvinick et al., [@B6]; Ullsperger and Von Cramon, [@B48]; Declerck et al., [@B11]; Carter and van Veen, [@B8]; Hyafil et al., [@B22]; Ursu et al., [@B49]). In our study, only correct trials were included in brain imaging processing, therefore activation of the ACC cannot be attributed to error detection. In their study, Ursu et al. ([@B49]) showed that there may be activation of ACC in presence of conflict even if the subject is not aware of such a conflict. Due to the structure of the task used in our study, it is not likely that the observed ACC activation was due to response override or conflict management. Magno et al. ([@B27]) have indeed suggested that ACC activity is not related to error but to evaluation of difficulty. Furthermore, another study has shown that increased ACC activity was independent of anticipated error or conflict (Aarts et al., [@B1]). Finally, a study of TBI patients showed that ACC activity is increased with cognitive fatigue as experienced during effortful tasks (Kohl et al., [@B25]). This suggests that models of ACC functioning should include the broader concept of task difficulty -- also described as challenging, effortful or demanding cognitive tasks --, thus encompassing concepts of error detection and conflict management.

Botvinick et al. ([@B6]) have proposed an integrative hypothesis of ACC monitoring attention that applies to our results. According to their theory, activation of the ACC is associated with compensatory adjustment in response to tasks "experienced as cognitively difficult," considering that "conflict might serve as an index of the demand for mental effort," but that difficulty can occur in absence of conflict. While TBI subjects in our study did not perform as well as Controls despite exhibiting the highest ACC activation, this is not sufficient to exclude a compensatory adjustment. The compensatory adjustment theory, however, is used to explain studies showing that ACC activation is associated with higher performance (Botvinick et al., [@B5]; Garavan et al., [@B17]; Kerns et al., [@B23]). The results of our study apparently contradict those results, since TBI patients exhibited worse performance than Controls. However, in a previous fMRI study, we have shown that adult patients with severe TBI who perform very poorly on a planning task with working memory components exhibited reduced activation of the ACC as compared to severe TBI patients who were able to perform as well as Control subjects (Cazalis et al., [@B9]). Similar results were described by Kohl et al. ([@B25]) as a coping mechanism. It is therefore reasonable to assume that those TBI patients in our current study, who were able to complete the task, may have recruited ACC in a compensatory adjustment fashion, in order to avoid poorer performance.

Alternatively, other studies of individual performance and cortical activation variability suggest that activity in ACC could reflect the ability of the individual to succeed at the task, in which case ACC activation could be seen as a predictor of performance. In a review of PET studies, Paus et al. ([@B36]) argued that ACC activation positively reflects the level of difficulty of a task, which is itself indicative of the level of performance. In a study of a planning task, Cazalis et al. ([@B10]) showed that subjects with poorer performance exhibited greater activation of the ACC than subjects with better performance. Hahn et al. ([@B19]) have shown that ACC activity is dependent on performance (RTs). In two studies of verbal working memory, Osaka et al. ([@B34], [@B35]) found greater ACC activation in individuals with higher verbal working memory spans. Although it is difficult to transpose verbal WM and spatial WM, these studies interestingly confirm the dependence of ACC activation on performance. Furthermore, another study of anatomical variation of ACC demonstrated an association between a specific (leftward) morphological pattern of paracingulate sulcus folding and higher performance in demanding cognitive tasks (Fornito et al., [@B15]).

Such accumulation of results, including conflicting data, may lead the reader to a broad vision of ACC as a backup system that takes over problem solving when the executive system is overloaded. In simple words, ACC could be the ace up the prefrontal cortex\'s sleeve, meant to be used when executive functions are impaired or overloaded, whether by physical disconnection as in TBI or simply by a high level of difficulty. As a backup system, its efficiency would be limited, but would be involved in improving performance up to a certain limit, and would remain activated after this limit has been reached. This hypothesis is compatible with the concept of compensatory adjustment and would explain why some studies show that individuals with ACC lesions are still able to solve difficult problems (di Pellegrino et al., [@B13]). Furthermore, as suggested by our results, a double dissociation between ACC and lSMC activation in response to difficulty could account for the conflicting literature regarding the role of ACC.

Conclusion
----------

While our study provides yet another small brick to the construction of ACC understanding, it is noteworthy that the ACC is involved in so many apparently distinct functions that one may have to reconsider the existing theoretical framework before one can reach firm conclusions. One aspect that deserves further consideration is the structure--function relationship that exists at the level of the ACC (Koski and Paus, [@B26]; Margulies et al., [@B30]; Orr and Weissman, [@B33]) as it exists in other regions. For example, one appealing model has been proposed that connects the structure of dorsolateral prefrontal cortex to its functions, with concrete action planning being closer to motor areas and more abstract planning being more rostral (Koechlin and Jubault, [@B24]; Badre and D\'Esposito, [@B4]), consistently with the perception--action model that was developed by Fuster ([@B16]). A similarly innovative proposition was made by Postle ([@B39]), stating that working memory is an emergent function rather than an embedded function, a theory also supported by Zimmer ([@B52]). The ACC occupies a strategic location in the brain and therefore has the capacity of integrating of a wide variety of inputs. Indeed, ACC activity has been associated with a wide variety of mental functions, such as attention (Brocki et al., [@B7]), motivation (Ullsperger and Von Cramon, [@B48]), sexuality (Stoléru et al., [@B47]), pain (Robinson et al., [@B42]), executive functions (Mansouri et al., [@B29]), among others.

Most models, deeply influenced by Cartesian heritage, draw a scientific line between emotional and intellectual processes, despite our knowledge that these functions are highly interdependent. In order to fully understand how one cerebral area can process such diverse information, we may have to rethink those categories and investigate their potential interconnections. A neurophenomenological approach would suggest that all inputs processed by one area have to share either a common architecture or require a common processing (Allman et al., [@B2]). Therefore, seeking the common ground of these inputs would provide essential information on the fundamental roles of the ACC. It is likely that such an integrative theory would help unifying the current models of ACC functions.
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